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Analytic fits, obtained by the method of linear least squares, to the

Abstract

intranuclear-cascade data generated by H. W. Bertini are given. For T50-,°

1000~, and 2000-MeV protons incident on oxygen, aluminum, and lead, and for

1000-MeV neutrons incident on these same elements, analytic expressions are
1

given for

'\

1. the cascade neutron-, proton-, 1T+—, wo-, and T -emission spectra
in the laboratory angular intervals 0—300, 30-600, 60—900, 90-1800,
and 0—1800, and

2. the evaporation neutron- and proton-emission spectra.
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I. INTRODUCTION

Using an intranuclear-cascade model, H. W. Bertinil_5 has generated a
large amount of data on the nonelastic cross section and the energy and
angular distribution of emitted neutrons and protons when neutrons and pro-
tons in the energy range 25 to 40O MeV are incident on a variety of targets.
In a previous report, hereinafter referred to as 6, an analytic representa-
tion of these data, obtained by fitting the Monte Carlo results using the
method of linear least squares, was presented. Recently H. W. Bertini ex-
tended his calculations to 2000 MeV and published some preliminary results.
In this paper, the fitting procedure used in 6 is applied to the new data,
and analytic expressions are given for the particle-emission spectra. The
fits obtained are an adequate representation of the Monte Carlo data for
many purposes, but, because the energy range to be covered is larger than
in 6, they are not always as reliable as those given in 6. For protons of
energy 750, 1000, and 2000 MeV incident on oxygen, aluminum, and lead, and
for neutrons of energy 1000 MeV incident on oxygen, aluminum, and lead,
analytic expressions are given for

1. the cascade neutron-, proton, ﬂ+-, no—, and T -emission spectra in

the laboratory angular intervals 0-30°, 30-60°, 60-90°, 90-180°,
and 0-180°, and

2. the evaporation neutron- and proton-emission spectra.
Because the total nonelastic cross section is slowly varying and because
of the small number of data points, an expression for this cross section

is not given.




II. DESCRIPTION OF TABLES AND DISCUSSION OF FIGURES

The fitting procedure used is the same as that described in 6 in
every detail, so it will not be discussed here. The energy distribution
in a specified angular interval of each type of emitted cascade particle

is given in the form

v
EXP[) A, (3
o} J=o J Eo

(1)

where Eo is the energy of the incident particle and the A,'s are the
coefficients obtained by the method of linear least squares. The coeffi-
cients depend, of course, on the energy and type of incident particle,
the target nucleus, and the type of emitted particle.

The coefficients to be used in Eq. 1 for all the cases considered
here are given in Tables 1-36.* The coefficients for the five types
of emitted cascade particles for a given type and energy of incident
particle and a given nucleus are contained in three tables. At the top
of each table, the type of incident particle and nucleus is given. Above
each group of coefficients, the type of emitted particle is specified.
The first column in the tables gives the incident energy, the second
column gives the angular interval, and columns 3 through 8 contain the
coefficients. When these coefficients are used in Eq. 1 the distribu-
tions have the units, number per MeV per steradian per interaction, if
the angular interval is 0-30°, 30-60°, 60-90°, or 90-180° and number per

MeV per interaction if the angular interval is 0-180°. That is, when

*
For convenience, all tables and figures are collected in the appendices

at the end of the report.




the angular interval 0-180° is used, the distribution has been integrated
over all solid angles. At the top of each set of coefficients, Emin is
specified, and, in the last column in the tables, Emax divided by Eo is
given. This Emin is a paremeter that occurs in the calculations of
Bertini and represents the energy below which no cascade particles are
emitted. The quantity Emax is the highest energy considered in doing
the fits. The fits are to be used only in the energy range Emin to Emax’
and it must be understood that, if they are used outside of this range,
very erratic behavior may occur. Columns 9 and 10 give the number of
particles of a given type emitted in a given angular interval and the

energy of these particles divided by Eo. The values in these columns are

obtained from the equations:

max
No. of Emitted Particles = 21r[cosel—cos62] ! F(E)AE , (2)

E .
min

E
ax
Energy of Emitted Particles/E = 2n(cos6,-cosb, ] fm EF(E)aE , (3)

° E E .
(o] min

when the 0 intervals 0-30°, 30-60°, 60-90°, and 90-180° are used, and

(o]

max
No. of Emitted Particles = j F(E)AE , (4)
E .
min
: Ema.x
Energy of Emitted Particles/, = El_f EF(E)QE , (5)
o E

min




when the 6 interval O to 180° is used.
The energy distributions for the emitted evaporation particles are

given in the form

1 Y E)J

o) = g el A (B (6)
J=o

The coefficients for all of the cases considered are given in Tables 37-39.

When the coefficients given in the tables are used in Eq. 6, the resulting

energy distributions have the units, number per MeV per interaction. The

quantities Emin and E are again the energy limits, outside of which

max

the fits are not to be used, and columns 8 and 9 are obtained from the

equations:

max
No. of Emitted Particles = I G(E)aE , (7)
E .
min
1 ax
Energy of Emitted Particles/E =3 Im EG(E)3E . (8)
o) [e]
E .
min

In some cases in the tables, 8ll of the coefficients are shown to be
zero. When this occurs, it means that so few particles were emitted that
the Monte Carlo results were not considered to be statistically signifi-
cant and no attempt was made to obtain a fit. In those cases where fits
are not given, the number of emitted particles obtained in the Monte
Carlo calculations is shown in column 8 for comparison purposes.

Comparisons between the Monte Carlo data and the analytic fits are

given in Figs. 1-17. All of the comparisons in the figures are for the



case of 2000-MeV protons incident on aluminum. In Figs. 1-3, the cascade
neutron-emission spectra in the angular intervals 0-30°, 30-60°, and 0-180°,
respectively, are shown. In Figs. h-lS, similar results are given for
the other emitted cascade particles. The evaporation neutron and proton
spectra are shown in Figs. 16 and 17.
In some cases, the analytic fit is a very good representation of the
Monte Carlo data, but this is by no means always the case. In this
regard, Fig. 3 should be particularly noted since it is an example of
one of the poorer fits to the data. In the fitting procedure used here,
as in 6, the derivative of the fitted curve was tested for changes in
sign, and if more than two sign changes occurred the fit was assumed to .
contain nonphysical oscillations, and a fit with a smaller number of
parameters, i.e., with a smaller value of v, was attempted. This pro- -
cedure was continued until v = 2 was reached and the fit with v = 2 was
accepted without further testing. Figure 3 gives an example of the kind
of fit which results when this procedure ultimately leads to a three-
parameter fit. In those places in the tables where only three non-
zero coefficients are given, the fits must be considered to be very
approximate. Of course, even when more than three parameters are given,
there is no assurance that the fit is a good representation of the Monte
Carlo data. It is hoped that the analytic expressions given in this
report will be useful, but it must be understood that for some purposes

they may not be adequate.
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GRAPHS OF PARTICLE SPECTRA FROM 2000-MeV PROTONS ON ALUMINUM

Cascade Neutrons 0-30° Angular Interval.

Cascade Neutrons 30-60° Angular Interval.

Cascade Neutrons 0-180° Angular Interval.

Cascade Protons 0-30° Angular Interval.

Cascade Protons 30-60° Angular Interval.

Cascade Protons 0-180° Angular Interval.
Positively Charged Pions 0-30° Angular Interval.
Positively Charged Pions 30—60o Angular Interval.
Positively Charged Pions 0-180° Angular Interval.
Neutral Pions 0-30° Angular Interval.

Neutral Pions 30-60° Angular Interval.

Neutral Pions 0-180° Angular Interval.

Negatively Charged Pions 0-30o Angular Interval.
Negatively Charged Pions 30—60O Angular Interval.
Negatively Charged Pions 0-180° Angular Interval.
Evaporation Neutrons.

Evaporation Protons.
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Appendix II.

TABLES OF COEFFICIENTS FOR EMITTED CASCADE-PARTICLE

Tables

Tables

Tables

Tables

Tables

Tables

Tables

Tables

Tables

Tables

Tables

Tables

1- 3.
h- 6.
7= 9.
10-12,
13-15.
16-18.
19-21.
22-2k,
25-27.
28-30.
31-33.
34-36.

28

T50-MeV Protons on Oxygen.
1000-MeV Protons on Oxygen.
2000-MeV Protons on Oxygen.
T50-MeV Protons on Aluminum.
1000-MeV Protons on Aluminum.
2000-MeV Protons on Aluminum.
T50-MeV Propons on Lead.
1000-MeV Protons on Lead.
2000-MeV Protons on Lead.
1000-MeV Neutrons on Oxygen.
1000-MeV Neutrons on Aluminum.

1000-MeV Neutrons on Lead.

SPECTRA
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Appendix III. TABLES OF COEFFICIENTS FOR EVAPORATION-PARTICLE SFECTRA

Tables 37-39. All cases for which cascade-particle spectra are given.
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